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Abstract
Zebrafish are often used in studies involving social behavior because they readily form
shoals. A shoal is any group of fish congregating together for social reasons. Zebrafish form
shoals because of the many benefits these social groups provide such as defense against
predators and improved foraging success. Because the zebrafish is an animal that exists in a large
social grouping, it provides an interesting perspective on understanding the influences of stress
on social behavior. Using zebrafish as a model, this thesis aims to determine how specific social
situations are affected by and affect stress and associated cortisol levels. In order to determine
how stress and cortisol levels are affected by social situations, the hormones released by a focal
zebrafish in the presence of differently sized shoals of stimulus zebrafish were collected and
measured. Due to the shoaling behavior of zebrafish and the research from previous studies
suggesting that zebrafish prefer large shoals, it was predicted that cortisol levels will be lower
when fish are associating with large shoals and highest when fish are alone. It was also predicted
that a sex difference will be seen, with females expressing lower levels of cortisol than males.
Preliminary results displayed that the social situation may have an effect on cortisol expression,
with overall levels of cortisol expressed being higher when both males and females were alone (0
fish) compared to when they were exposed to a shoal of 6 fish of the same sex. I hypothesized
that increased vulnerability associated with being alone may cause the zebrafish to exhibit higher
stress levels, as measured by the expression of cortisol. Contrary to predictions based on
previous studies, the preliminary data displayed that females expressed higher levels of cortisol
than males overall. This could suggest that without the requirement of asserting dominance in
order to mate, the male zebrafish does not express high levels of cortisol.
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Introduction

Social behavior & Stress
Stress is a complex response to adverse or demanding circumstances. The stress response
arises when a stressor leads to an individual being unable to maintain homeostasis. Stress is
present across all species of animals as a primary means of survival. The physiological response
to stress is regulated by the endocrine system. The endocrine system consists of a series of
glands located throughout the body that regulate metabolic function. The endocrine system is a
network of four components which are glands, hormones, circulation and target organs. The
endocrine glands produce and release biochemical substances called hormones. Hormones are
protein compounds that act as chemical messengers which attach to specific cell receptor cites in
order to increase or decrease cell metabolism. Once released from the glands, hormones travel
through the bloodstream to the target organs (Seaward, 2018).
The pituitary, thyroid and adrenal glands are most closely associated with the stress
response. Among these glands, the adrenal gland has the most direct influence on the stress
response. The adrenal gland is made up of two distinct parts, each of which produces hormones
with significantly difference functions. The outer portion of the adrenal gland is known as the
adrenal cortex. This portion of the adrenal gland is responsible for producing and releasing
hormones called corticosteroids. The two types of corticosteroids are glucocorticoids and
mineralocorticoids. Glucocorticoids are a family of biochemical agents including cortisol and
cortisone (Seaward, 2018).
The primary stress hormone for many animals, including humans, is cortisol. When a
stressor is present, a chain reaction of hormone responses signals the release of cortisol from the

4

adrenal glands. The biochemical pathway responsible for the stress response is called the ACTH
axis. The pathway begins with the release of corioctropin-releasing factor from the
hypothalamus. This substance triggers the pituitary gland to release ACTH. The ACTH then
travels through the bloodstream to activate the adrenal cortex. Upon stimulation by ACTH, the
adrenal cortex releases corticosteroids including cortisol (Seaward, 2018). From here, cortisol
interacts with cellular receptors that are expressed by the majority of the body’s cells, causing
wide-spread physiological effects throughout the body. Some of the long-term effects of
exposure to high levels of cortisol include decreased immune function, increased inflammation,
hypertension and cardiovascular disease (e.g., reviewed by Kudielka & Kirschbaum 2005).
These long-term negative health effects are similar to those associated with social
isolation. This could suggest that there is a link between stress and social behavior. For many
animals, social isolation has been shown to lead to damaging health effects. In humans, sociality
is important to overall health, and isolation from others could lead to increases in the risk of heart
disease (Smith &amp; Ruiz 2002), inflammatory diseases (Cole et al. 2007), and mortality (HoltLunstad et al. 2010).
The zebrafish (Danio rerio) is an excellent animal in which to further explore the
hypothesis that stress and social behavior are related to each other. Zebrafish naturally exist in
large social groupings, called shoals. Zebrafish have somewhat complex social groups involving
hierarchies and dominant/subordinate relationships. Using zebrafish as a model, this thesis aims
to determine how specific social situations affect stress and associated expression of cortisol.
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Zebrafish, a model organism
The zebrafish is a popular aquarium fish that plays an important role in areas of scientific
research, especially genetics. Zebrafish serve as excellent model organisms for many reasons,
one being their genetic similarity to humans. When conducting research on animals, the main
purpose is often to give insights into human processes. Like humans, zebrafish are vertebrates,
and therefore share a considerable amount of sequencing and functionally homology with
humans and other animals. For example, many of the molecular and cellular mechanisms
involved in zebrafish response to stress are similar to mammals (Gutiérrez-Lovera et al. 2017).
Zebrafish are also useful in genetic and developmental research because of the nature of
their embryos. The embryos and larvae of zebrafish are transparent, making it easy to see and
follow genetic manipulation. In addition, the embryos are able to absorb chemicals added to the
water. This makes it easy for researchers to introduce genetic changes using chemical mutagens.
Another benefit of using zebrafish for research is their housing. Zebrafish are small fish
that rarely exceed 4 cm in length. This makes them easy to care for. In addition, because
zebrafish live in a relatively simple natural environment, it is much easier to mimic the natural
living conditions as opposed to a rodent or other mammal. Keeping conditions as close to the
natural environment as possible minimizes stress which could impact the outcome of the
experiment.
Lastly, zebrafish are popular organisms in research due to their large amount of offspring.
They produce about 200 fertilized eggs each week per mating pair (Gutiérrez-Lovera et al.
2017). Compared to a mammal such as a rodent, zebrafish produce many more offspring. More
offspring in each generation of zebrafish ensures that there will be a ready supply of animals for
research. The offspring of zebrafish also develop and grow much more quickly than a mammal.
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For these reasons, zebrafish have been accepted as suitable model organisms for many areas of
biological research.
The zebrafish is a member of the family of freshwater fishes called Cyprinidae. It is
native to South and southeast Asia, with the highest species diversity in north-eastern India,
Myanmar and Bangladesh. The subcontinent of India is known for its monsoon climate which is
characterized by periods of heavy rain and floods. During the monsoon months, river systems
that run through low-lying areas cause extensive flooding. These periods of flooding cause the
landscape of the freshwater habitats to have high levels of variation. Zebrafish seem to be a
floodplain species rather than a river species because in their natural environment, zebrafish
typically inhabit lowland areas in slow-flowing ponds and shallow pools. The scientific name,
Danio rerio, derives from the Bengali word “dhani,” which means, “of the rice field”. This is
because the shallow areas of water where zebrafish are often found are typically connected to
rice cultivation. The rice paddies could provide a safe habitat for the zebrafish free from large
predatory fish. In addition, the fertilizers used in rice paddies may enhance the growth of
zooplankton, which is a large portion of the zebrafish diet (Spence et al. 2008).
The natural diet of the zebrafish is an omnivorous one, consisting of mostly zooplankton
and insects. Through a gut content analysis, it was shown that zebrafish also feed on
phytoplankton, algae, plant material, fish scales, arachnids and invertebrate eggs. The higher
amount of planktonic food in their diet indicates that zebrafish feed mostly in the water column,
however the terrestrial insects consumed suggest some level of surface feeding occurs as well
(Spence et al. 2008).
Zebrafish grow rapidly in the first three months after hatching. This growth rate declines
after three months and levels off at about 18 months when zebrafish are fully grown. The three
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months of rapid growth occur during the monsoon months in which temperatures are high
(reaching up to 34° C). Food availability is also high during the monsoon months. Under natural
conditions, the zebrafish appears to be an annual species with the spawning season beginning
just before the occurrence of the monsoon (Spence et al. 2008). They are group spawners and
egg scatterers, meaning that female zebrafish lay multiple eggs that are externally fertilized by
the male zebrafish. Egg scattering fish do not provide any form of parental protection for their
young, and it is extremely common for adult zebrafish to eat the eggs in order to compensate for
the energy loss (Spence et al. 2008).
The main predators of zebrafish are snakeheads (Channidae) and freshwater garfish
(Xenentodon cancila). Some other aquatic predators include catfish (Siluriformes) and knifefish
(Apteronotidae). Because zebrafish inhabit the shallow waters of floodplains, they also have
some avian predators such as the Indian pond heron. Studies done in laboratory settings have
showed that zebrafish display fright reactions in response to both visual and olfactory cues
associated with predators (Spence et al. 2008). In addition, zebrafish show alarm behaviors in
response to injury pheromones which are released when there is damage to zebrafish tissue cells
(Spence et al. 2008).
The wildtype zebrafish found in nature have a distinct color pattern of alternating light
and dark horizontal stripes, however there are many natural and produced strains of zebrafish
that display other color patterns and/or different physical features. One naturally occurring strain
is the longfin danio which is characterized by elongated fins. Another variant is the leopard
danio, which displays a spotted pattern instead of stripes. These different color patterns are
typically the result of gene mutations. For example, the leopard danio is a spontaneous mutation
of the wildtype Danio rerio color pattern. This makes zebrafish that are homozygotes display a
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spotted pattern while heterozygotes display stripes (Spence et al. 2008). Other mutant color
patterns exist such as the nacre mutant, which lacks color pigment. Color pattern is often used in
studies to observe differences in social behavior, such as in shoaling arrangements.

Zebrafish, a model for social behavior
Zebrafish are often used in studies involving social behavior because they readily form
shoals. A shoal is any group of fish congregating together for social reasons. Members of the
shoal do not necessarily move in unison or face the same direction, rather they just remain in
close proximity to the other members of the shoal. Zebrafish begin to shoal relatively early on in
their post-embryonic development (Engeszer et al. 2007). A shoal of fish becomes a school when
the fish begin to coordinate with one another by swimming tightly together heading in the same
direction as one unified group. A school of fish can be thought of as a more organized and
directed shoal.
Zebrafish form shoals because of the many benefits these social groups provide. It is
hypothesized that the main reason zebrafish shoal is in response to predation (Engeszer et al.
2004). Shoaling can provide defense against predators in many ways. One mechanism through
which this occurs is increasing predator detection. For zebrafish, there is power in numbers.
Shoaling multiplies the number of eyes looking for predators and increases the number of
directions in which they are looking. This increases the probability of a predator being seen
before it can attack. In addition, by gathering in a large group, each zebrafish is diluting its own
chance of capture (Peichel, 2004). A zebrafish within a group has a smaller chance of being
attacked than if it were alone. A shoal of fish can often confuse predators. From a distance, a
very tightly knit shoal can appear to a predator as one large object that is potentially a threat or
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simply just too large to eat. However, if the shoal is not this closely arranged, it may attract a
predator. In this case, the shoal can confuse the predator by splitting in two directions around the
predator.
Besides predator defense, shoaling provides other benefits to zebrafish such as increasing
their foraging success (Engeszer et al. 2004). As with predator detection, having more eyes to
forage for food increases the probability of finding food. When one fish in the shoal finds food,
the others will follow. However, this presents a possible disadvantage in terms of competition.
With a large shoal, there is more competition for food, and the dominant fish will feed while the
weaker fish may starve. Because of this, nutrition could be an important factor influencing
shoaling decisions in zebrafish (Krause and Pritchard, 1999). A study was conducted testing the
influence of nutritional state on shoal choice in zebrafish. The study predicted that food deprived
zebrafish would spend less time shoaling than well-fed zebrafish would. The results showed that
the deprived zebrafish did spend less time shoaling overall, however when they did shoal they
showed a significant preference for a well-fed shoal. This suggests that zebrafish are capable of
assessing differences in the nutritional state of other members of their species (Krause and
Pritchard, 1999).
Overall, the many benefits that shoaling provides is what drives this continued social
behavior by zebrafish. In the captivity of a tank or in a laboratory setting, one might expect
shoaling to discontinue due to the lack of a predator and the presence of a stable food source,
however, this is not the case. This suggests that the zebrafish simply do not know if there is a
predator in the tank and are always expecting a predator to appear. A study involving shoaling
decisions showed that when given the choice between an empty compartment on one side of a
fish tank or a shoal on the other side, the focal zebrafish always chose to shoal (Snekser et al.
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2010). Without a shoal a zebrafish could feel vulnerable and possibly become stressed. Table 1
from Snekser et al. (2010) (Table 1) shows that zebrafish always prefer to shoal rather than be
alone, regardless of the phenotype of the fish that are in the shoal. Even when the zebrafish in the
shoal differed significantly in phenotype (golden instead of blue, spots instead of stripes, or a
different Danio species), the wildtype zebrafish still preferred to associate with that shoal..
Interestingly, wildtype zebrafish did not prefer these same shoals of “different” fish when given
the choice between them and and phenotypically similar wildtype zebrafish (Table 1 and Figure
1; Snekser et al. 2010).. Taken together, these data deomstrate that zebrafish have a very strong
preference to socialize with other fish, always choosing to shoal rather than be alone.
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Figure 1: Adult zebrafish of AB strain. Top: female, bottom: male. Photographed at School of
Arts and Sciences, University Pennsylvania. Used for non commercial use with permission.
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Table 1: Table from Snekser et al. 2010 showing the mean ± SE time spent with wildtype
zebrafish in multiple dichotomous choice tests for males (A) and females (B). Focal fish are all
wildtype pigmentation. Bold indicates significant choice.
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Figure 2. Figure from Snekser et al. 2010 showing the mean ± SE time spent with wildtype
zebrafish in multiple dichotomous choice tests for males (A) and females (B). The strain of the
fish listed first is the focal fish. WT = wildtype pigmentation. * p <0.05.
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When forming shoals, there are many factors that may influence the zebrafish’s decision.
Many of these factors have been studied in laboratory settings. These studies suggest that
zebrafish have preferences that cause them to specifically chose certain shoals over others. A
common feature of shoals is phenotypic resemblance among fish. When members of a shoal all
have similar appearances, it can be more confusing to a predator. As discussed earlier, there are
many variations in pigment pattern among zebrafish. Due to the diversity of these pigment
patterns, visual signals may be important in influencing social behaviors among the fish.
When comparing the shoaling preferences of homozygous nacre mutants with those of
their heterozygous wildtype siblings, it was found that zebrafish exhibit strong color shoaling
preferences. The wildtype zebrafish which display stripes chose to shoal with other wildtype
fish, and the nacre mutants lacking pigment chose to shoal with other nacre fish (Peichel, 2004).
Some findings suggest that these shoaling preferences are less about visual cues and more about
learned behavior. For example, when nacre mutants were reared with wildtype zebrafish, they
preferred to shoal with other wildtype fish. When wildtype were reared with nacre zebrafish,
they preferred to shoal with nacre fish. This suggests that the rearing treatment is the principal
determinant of the shoaling preference (Engeszer et al. 2004). This further implies that there are
learned social preferences in zebrafish.
In addition to color, there are other factors that influence social behavior, such as body
size and fin size. Zebrafish display a wide variety of body shapes and sizes, as well as caudal fin
shape and size. The different fin shapes have an effect on swimming abilities. Fish with longer
fins have been shown to swim slower than wild-type fish with smaller fins (Plaut, 2000). While
fin shape and body size influence swimming speed, these phenotypic characteristics may also
play a role in mating preferences. For example, female zebrafish tend to associate with males
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that have exaggerated features such as tails, or larger body sizes. This could mean that females
prefer males with larger overall apparent size. The exaggerated tails may allow males to appear
larger while avoiding the high energy cost of a large body size. While the longer tail may slow
the male zebrafish down, it could ultimately lead to higher mating success. To test this female
preference, a study was conducted using female zebrafish of three different phenotypes. Long-fin
females, short-fin females and wildtype females were given a choice of two male shoals that had
different fin lengths. The results showed that while both short-fin females and wild-type females
had no significant preference for either male shoal, the long-fin females spent significantly more
time with the long-fin male shoal over the wild-type male shoal. This could suggest that the
mutation which controls the long-fin trait is also controlling female association preferences. The
findings could also be a result of shoaling preferences. From a visual standpoint, long-fin mutant
zebrafish shoal with other long-fin mutants because they are similar in appearance. This helps
the fish avoid predators by blending in with the shoal. However, long-fin zebrafish are weaker
swimmers and shoaling with other phenotypes might leave them separated from the shoal and
vulnerable to attack (Gumm et al. 2009).
When making shoal choices, zebrafish may also be influenced by the size and the activity
of the shoal. A shoal’s activity can be measured by the overall movement and swimming speed.
When given the choice between two shoals differing in size by more than one fish, a zebrafish
chose to spend more time with the larger shoal. When given the same choice but in a colder
water temperature, the zebrafish chose to spend more time with the shoal that was more active
overall. The benefit of a larger shoal is a lower predation risk due to predator confusion.
Associating with a more active group may provide advantages such as finding food patches more
rapidly. These findings may also suggest that a fish could have been aware of its own swimming
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speed and avoided joining a shoal that was much slower where it could have stood out to
predators (Pritchard et al. 2001). Because zebrafish typically decide to shoal with a large group,
being isolate or with a small shoal could cause the fish to feel vulnerable to attack or even
stressed.
Though many studies have explored the social preferences of zebrafish, in terms of social
partners, the majority of studies tend to ignore behavioral differences exhibited by male and
female zebrafish and generally disregard sex in their findings. However, there are many
significant differences in the way male and female zebrafish behave and this could in turn
influence the way shoals are formed.
In terms of physical characteristics, male and female zebrafish are rather similar in
appearance. One difference is seen in body shape, with females being slightly rounder than males
(Spence et al. 2008). However, distinctions can be made between the way in which males and
females behave socially. Male zebrafish tend to be more aggressive toward one another and
engage in behaviors such as biting and chasing (Pyron, 2003). During breeding periods, males
may also become territorial and make conspicuous movements. These behaviors could be used
by males to assert their dominance. In many cases, social hierarchies between males in captivity
form, and the most dominant male has the highest social ranking. Mating success is usually
higher in dominant males (Spence and Smith, 2006). This is known as male-male competition, a
form of intrasexual selection in which males compete for access to females.
A study was done to investigate the mating preference of female zebrafish in the absence
of male-male competition. Because dominant males are often more successful in terms of
mating, the study predicted that female zebrafish would spawn more when paired with a male of
higher dominance. The results showed that females do spawn more frequently with certain
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males, however this effect was not linked to male dominance. This could mean that if dominance
does influence mating preferences in female zebrafish, it does not appear to relate to cues which
females can detect in isolated males (Spence and Smith, 2006).
Sex differences have also been revealed when investigating the influence of behavioral
syndromes on shoaling decisions in zebrafish. A behavioral syndrome is a suite of correlated
behaviors persistent within a population along two or more behavioral axes. When there is a
consistent correlation between two behaviors, it suggests that a behavior syndrome is present.
Results from one study suggest that there is a boldness-shoaling behavioral syndrome. A bold
fish is one that exhibits exploratory behavior, and a shy fish is generally less exploratory.
Zebrafish that were bolder (more exploratory) were more likely to shoal than shy (less
exploratory) zebrafish. The study also suggested that boldness was linked to social behavior
differently in males than in females (Way et al. 2015). Bolder male zebrafish may have more
reproductive success because they will encounter more females and potentially fertilize more
eggs. This would seem to suggest a link between boldness and aggression, due to findings which
suggest that an individual’s reproductive fitness can be associated with behavioral variations in
boldness and aggressiveness (Ariyomo and Watt, 2012). However, in a study testing this
prediction, there was no link between boldness and aggression found (Way et.al. 2015). Due to
the many differences in male and female zebrafish social behavior, sex cannot be ignored when
investigating shoaling decisions. Males may be shoaling for increased mating opportunities,
while females may be making their shoaling decisions in order to maximize their defense against
predators (Snekser et al. 2010). While these hypotheses are likely explanations for the ultimate,
evolutionary motivations for the differences in social choices exhibited by male and female
zebrafish, it is still unclear what proximate mechanisms influence such social decisions.
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Zebrafish, social behavior, and endocrinology
Using zebrafish as a model, this thesis aims to determine how specific social situations
are affected by and affect stress and associated cortisol levels. Because the zebrafish is an animal
that exists in a large social grouping, it provides an interesting perspective on understanding the
influences of stress on social behavior. As previously discussed, zebrafish have somewhat
complex social groups involving hierarchies and dominant/subordinate relationships. Variations
in social conditions such as different shoal sizes influence shoaling decisions and may be
influencing stress levels as well. Measurement of cortisol levels, the main circulating
glucocorticoid in zebrafish, have been shown to be significantly lower in female zebrafish
compared to males (Oswald et al. 2012; Félix et al. 2013; Rambo et al. 2017). The sex
differences in many social shoaling choices of zebrafish along with evidence of sex differences
in steroid hormone profiles make zebrafish excellent candidates for this research.
In order to determine how stress and cortisol levels are affected by social situations, the
hormones released by a focal zebrafish in the presence of three differently sized shoals of
stimulus zebrafish will be collected and measured. The focal zebrafish will be exposed to a
stimulus shoal (assay) containing 6 fish, 3 fish, or 0 fish. The order of the assays will be
determined randomly so that it is different for every focal fish. Due to the shoaling behavior of
zebrafish and the research from previous studies suggesting that zebrafish prefer large shoals, it
is predicted that cortisol levels will be lower when fish are associating with large shoals and
highest when fish are alone. It is also predicted that a sex difference will be seen, with females
expressing lower levels of cortisol than males.
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Methods
Wildtype zebrafish were purchased from ThatPetPlace and Carolina Scientific (USA).
Once the fish arrived, they were placed in a large tank and allowed to acclimate to the laboratory
environment for one week. All tanks were maintained at 28.5°C with a pH range of 7.0-8.0 and
all fish were fed commercial flake food once per day. After the acclimation period, zebrafish
were sexed and separated into male and female tanks. Zebrafish were sexed in the standard
manor by observing appearance, as females are visibly larger than males and males have a
slightly different yellow coloration on their abdomen. At this time, both the male and female
zebrafish were divided further into groups of stimulus males and focal males and stimulus
females and focal females. All tanks of fish were visually isolated from each other, as all tanks
were covered in opaque white paper. Once separated into male and female tanks, the zebrafish
were then given another week to acclimate.

Measuring hormones using a uniques repeated-meausres design and non-invasive water
collection
One important aspect of this experimental design is that I was able to sample the same
individual zebrafish across different contexts. The majority of previous zebrafish endocrine
research has obtained steroid hormone levels through whole-body analysis (Ramsay et al. 2006;
Barcellos et al. 2007; Egan et al. 2009; Pagnussat et al. 2013; Rambo et al. 2017), which requires
sacrificing fish and usually homogenizing multiple fish together to obtain a single hormone
concentration data point. Utilizing modified water-borne hormone sampling methods (Sebire et
al. 2007; Oswald et al. 2012; Kim et al. 2018), I am able to sample the same individual zebrafish
in various social environments and thereby use a repeated-measures analysis to better control for
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individual variation in the expression of steroid hormones. The concentrations of steroid
hormones released into the water are highly correlated with circulating plasma concentrations in
fishes (Sebire at al. 2007; Ellis et al. 2013), including zebrafish (Félix et al. 2013).
Here, “focal” zebrafish were the fish being tested for hormones and the “stimulus” fish
were the fish that made up the surrounding shoals. Ten focal females and ten focal males were
tested consecutively in three different assays. The three assays being tested consisted of either 0
stimulus fish, 3 stimulus fish, or 6 stimulus fish. Three small 2.5L testing tanks covered with
opaque white paper on three sides were arranged next to one another. In each testing tank, a 600
mL beaker was placed in the center and 200 mL of aged tap water was measured using a
graduated cylinder and added to the beaker. The water in this beaker was used for the hormone
collection.
In the testing tank surrounding the beaker, aged tap water was added up to a measured
line, which was equivalent to the 200mL volume of the water in the focal beaker. It was crucial
that there was no water flow between the water in the hormone collection beaker and the water in
the testing tank. The stimulus fish (shoaling fish) were placed in the testing tank first and were
given a period of 10 minutes to acclimate. After 10 minutes, a focal fish was placed in the
hormone collection beaker and a timer was immediately set for 30 minutes. The focal fish in the
beaker was moved to the next hormone collection beaker for the next assay, immediately
following the 30-min collection period. The order of the assays (0, 3, or 6 shoaling fish) was
randomized and all order combinations were observed in order to exclude assay-order bias.
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Aerial view of test tank setup

Focal fish
beaker for
hormone
collection
(200ml water)

Testing tank used to hold shoal of stimulus fish (200ml water)

Figure 3: Diagram of test tank used to collect water of focal fish during social interactions.

22

The water from the hormone collection beaker was placed into labeled urine sample cups,
which are typically used for storage of water samples containing hormones, as they do not break
when frozen and hormones do not leech into the plastic. Two cups each containing 100 mL of
the collected water were labeled with the focal fish number, the date, and the assay and stored in
a freezer. This method of water collection and storage was used for each assay and all samples
were stored within a freezer until analysis.
After the focal fish was tested in all three assays, it was then placed in a separate “retired”
tank to ensure the same fish would not be tested twice. The shoaling fish were then placed back
into their original tank. Between each set of assays, all beakers and testing tanks were thoroughly
rinsed with hot tap water to remove any residual chemical cues.

Isolating hormones from water samples
Frozen hormone samples were filtered through filter paper to remove any solid
particulates, such as excrement or fish scales. This filtered water samples was then poured
through solid phase extraction columns that isolate lipids, such as steroid hormones. Columns
were primed with 2 mL HPLC-grade methanol, twice, followed by 2 mL distilled water, twice.
Water samples were then gently poured into the columns and pulled through using a vacuum
manifold. Water samples were discarded, as hormones were now isolated within columns.
Steroid hormones were eluted from the columns by 2 mL of adding ethyl acetate, two
times and capturing the liquid in a sterile, glass test tube. Ethyle acetate was evaporated by
leaving the test tubes in the hood for one week. Steroid hormones remained within the test tube
and were resuspended in 100 µL of distilled water.
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2 mL of HPLC-grade diethyl ether was added to the steroid reconstituted in distlled
water. These samples were then vortexed for 4 minutes and then allowed to settle for 2 minutes.
Samples were flash frozen in a dry ice/methanol bath which allowed for the water portion of the
sample to freeze quickly. The diethyl ether layer contains the steroid hormones and does not
freeze. This layer was decanted into a borosilicate vial. These steps were repeated until all ether
was poured from the sample. Ether was then evaporated from the samples in a 37°C water bath
overnight. The hormones remaining in the vials were then resuspended in 800 µL of EIA buffer
provided within the EIA kit.

Measuring expressed cortisol levels using EIA
The enzyme immunoassay (EIA) was conducted using a cortisol ELISA kit purchased
from Cayman Chemicals (Item No. 500360). This kit allows for the quantification of the amount
of cortisol present in the zebrafish water samples. The assay has a range from 6.6 - 4000 pg/ml
and a sensitivity (80% B/B0) of approximately 35 pg/ml.
This assay is based on the competition between cortisol and cortisol-acetylcholinesterase
(AChE) conjugate (cortisol tracer) for a limited number of cortisol-specific mouse monoclonal
antibody binding sites. Because the concentration of the cortisol tracer is held constant while the
concentration of cortisol varies, the amount of cortisol tracer that is able to bind to the Cortisol
monoclonal antibody will be inversely proportional to the concentration of cortisol in the well.
This antibody-cortisol (either free or tracer) complex binds to the goat polyclonal anti-mouse
IgG that has been previously attached to the well. The plate is washed to remove any unbound
reagents and then Ellman’s Reagent (which contains the substrate to AChE) is added to the well.
The product of this enzymatic reaction has a distinct yellow color and absorbs strongly at 412
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nm. The intensity of this color, determined spectrophotometrically, is proportional to the amount
of cortisol tracer bound to the well, which is inversely proportional to the amount of free cortisol
present in the well during the incubation.
The procedure outlined in the instructions that were supplied with the ELISA kit was
followed. To begin, a serial dilution was performed using the provided Cortisol ELISA Standard
(40ng/mL) in order to generate a Standard Curve of concentrations for analysis of the water
samples. The 96-well plate that is included within the kit is already prepared and standards and
samples were pipetted directly into the wells. 50 µL of each Cortisol AChE Tracer and Cortisol
ELISA Monoclonal Antibody (provided in kit) were added to each of the standards and sample
wells. The plate was covered and incubated overnight at 4°C overnight. The plate was then
developed and washed. The plate was placed into the plate reader at a wavelength of 405 nm.
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Figure 4: Schematic of Cortisol EIA reaction.
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Figure 5: Photograph of 96-well plate loaded with standards and samples.

Sample concentrations of cortisol for samples were calculated using the standard curve
generated during the analysis (Figure 6) and calculations provided from Cayman Chemicals.
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Figure 6: Standard curve generated during analysis of samples using the provided materials from
the Cayman Chemicals Cortisol ELISA kit.
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Samples
Due to time constrants and laboratory restrictions, only a small subset of samples were
analyzed for this experiment at this time. Because sex differences and the influence of social
situations were the main focus of the hypotheses being tested, I isolated hormones from the water
samples of 3 males and 3 females in two conditions: (1) when alone (0 fish) and (2) when with a
large shoal (6 fish). I was able to successfully isolate and measure hormones for the three
females in both conditions and for two males when alone and one of the males when with a large
shoal. Because of the small sample size, it was not appropriate for me to run statistical analysis at
this time and thus all results and discussion will be focused on the trends discovered thus far. In
the future, after more samples are analyzed, a Factorial Repeated Measures ANOVA will be used
to determine the effects of sex and shoal size on the cortisol concentrations expressed by
zebrafish.
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Results

Cortisol concentration was examined for males and females separately to determine if
there was an effect of sex or social situation on expression of stress hormones. Though sample
sizes were too small to appropriately examine statistically significant differences among groups,
some trends are already apparent.
It appears that females are expressing higher levels of cortisol than males. On average,
females expressed 18709 ± 17085 pg/mL of cortisol when with 0 fish and 2237 ± 1142 pg/mL
when with 6 fish. Contrarily, males expressed 7809 ± 6134 pg/mL of cortisol when with 0 fish
and 654 pg/mL when with 6 fish (Figure 5, red vs. blue bars).
It also appears that the social situation may have an effect on cortisol expression, with
overall levels of cortisol expressed being higher when both males and females were alone (0
fish) compared to when they were exposed to a shoal of 6 fish of the same sex (Figure 5).
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Figure 7: Mean ± SE cortisol concentration (pg/ml) isolated from water samples of male (blue
bars) and female (red bars) zebrafish that were alone (0 fish) or exposed to a shoal of 6 fish.
Sample size (n) of fish for each sample included below bars.
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Discussion
Though preliminary, the results from this experiement suggest support for the hypothesis
I aimed to test; that social interactions would influence stress levels, as measured by the
expression of the stress hormone cortisol. Both male and female zebrafish displayed higher
levels of cortisol when alone (0 fish) as compared to when exposed to a shoal of 6 fish. This was
expected due to the naturally social behavior of zebrafish.
Previous studies concerning the social choices of zebrafish supported these findings. A
study involving shoaling decisions showed that when given the choice between an empty
compartment on one side of a fish tank or a shoal on the other side, the focal zebrafish always
chose to shoal (Snekser et al. 2010; Table 1). One of the main reasons that zebrafish form shoals
is in response to predation (Engeszer et al. 2004). Shoaling provides defense by increasing
predator detection. In addition, when given the choice between two shoals differing in size by
more than one fish, a zebrafish chose to spend more time with the larger shoal. (Pritchard et al.
2001). By gathering in a large group, each individual zebrafish is diluting its own chance of
capture (Peichel, 2004). Without a shoal, a zebrafish is more vulnerable to attack from predators.
I hypothesized that this increased vulnerability may cause the zebrafish to exhibit higher stress
levels, as measured by the expression of cortisol.
Additionally, cortisol levels may also be influenced by nutrititonal factors. Shoaling
provides zebrafish the benefit of increased foraging success (Engeszer et al. 2004). Having more
members in a shoal increases the probability of locating a food source. When isolated, a
zebrafish may exhibit higher stress levels due to increased foraging pressures. Overall, in the
absence of a shoal, a zebrafish is more vulnerable to predators and food deprivation which
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ultimately lowers its chance of survival. As a result of this, isolated zebrafish may exhibit higher
stress levels as measured by the expression of cortisol.
The results obtained, though preliminary, seem to indicate a sex difference in the
expression of cortisol. This sex difference is contrary to my original prediction. Previous studies
examining sex differences in cortisol expression in zebrafish showed that females had
significantly lower levels of cortisol than males (Oswald et al. 2012; Félix et al. 2013; Rambo et
al. 2017). My results indicate higher levels of cortisol in females than males, though sample sizes
for male fish in this experiment are currently very low. There are many significant behavioral
differences between male and female zebrafish. For this reason, sex cannont be disregarded.
In terms of social behavior, males tend to be more aggressive towards one another, and
often engage in behaviors such as biting and chasing (Pyron, 2003). It is hypothesized that males
display these behaviors in order to assert dominance which may ultimately lead to increased
mating success (Spence and Smith, 2006). The behavioral differences displayed by male and
female zebrafish may relate to cortisol expression. While it was predicted based on previous
studies that males would exhibit higher cortisol levels than females, my preliminary results
display the opposite. Previous studies indicated that males may be shoaling for increased mating
opportunities, while females may be making their shoaling decisions in order to maximize their
defense against predators (Snekser et al. 2010). In my study, focal fish were physically isolated
from stimulus fish in order to prevent mating from influencing shoaling decisions. This could
suggest that without the requirement of asserting dominance in order to mate, the male zebrafish
does not express high levels of cortisol.
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Limits to this research and continued analysis
Due to time constraints and laboratory restrictions, only 3 focal male samples and 3 focal
female samples were able to be alalyzed. With a sample size this small, it is not appropriate to
run a statistical analysis. Due to this issue, only trends in data can be observed and discussed. In
the future, more samples from this study will be analyzed, including those involving an
intermediate sized stimuls shoal of 3 fish. Having a larger sample size will provide more data
which in turn reduces the uncertainty in the experiment. With a larger sample size, it will then be
possible to use a Factorial Repeated Measures ANOVA to determine if the results are
statistically significant.
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